As a simian species, the langurs are not known to harbor simian retroviruses, except for one report on a simian Type D endogenous retrovirus from the spectacled langur (Trachypithecus obscurus) from Malaysia. The present report describes for the first time natural infection of the common Hanuman langur (Semnopithecus entellus) from India by a novel simian retrovirus (SRV). The new SRV is phylogenetically related to but distinct from the three molecularly characterized serotypes, SRV 1-3, of the five known serotypes of SRVs, based on sequence analyses from the 3Јorf and env regions of the viral genome. The novel SRV isolated from the Indian Hanuman langur is provisionally named SRV-6.
Introduction. The exogenous Type D simian retroviruses (SRV/D) are a group of closely related viruses prevalent in many captive and wild populations of macaque monkeys (genus Macaca) (28) . These viruses are all genetically and antigenically related to the prototype Type D simian retrovirus, the Mason Pfizer monkey virus (MPMV or SRV-3) (6) . Of the five reported serotypes of SRVs distinguished by a neutralization test, only the first three, SRV-1, SRV-2, and MPMV or SRV-3, have been molecularly characterized. Serotypes 4 and 5 are not yet characterized at the molecular level. Single members of serogroups 4 (D4/CYN/CA) and 5 (D5/RHE/OR) have been recovered from a group of cynomolgus macaques in Berkeley, California, and from rhesus macaques imported from the People's Republic of China to the Oregon RPRC, respectively (as mentioned in Ref. 23 ; M. A. Axthelm, personal communication). Natural reservoirs of SRV serogroups 1, 3, 4, and 5 have not been identified. Based on serological studies in India (as mentioned in 23) the source of the founder animals, the rhesus macaque (Macaca mulatta) and the bonnet monkeys (Macaca radiata), did not show any serological evidence of SRV-2. An earlier report on wild-caught macaques (Macaca fascicularis) from Indonesia 35) indicated the presence of SRV-2. It was therefore assumed that the Indonesian simian population might be the natural reservoir for SRV-2 (23) . Exogenous SRV-1 and SRV-2 have been identified as the etiological agents for simian AIDS in several macaque species (8, 22, 32) . In macaques, SRV-2 is also reported to be associated with retroperitoneal fibromatosis, a Kaposi's sarcoma-like condition (14) . However, in many cases, natural infection by exogenous retroviruses does not lead to any clinical manifestation (2) . It appears that infections by SRVs result in different pathological consequences. These varied outcomes render the interaction of the hosts and SRVs an attractive model for the study of the simian immunosuppressive retroviruses. Endogenous Type D retroviruses have been identified in both Old World and New World simian populations but have not been associated with clinical illness in the natural hosts (16, 36, 39) . There is an unconfirmed report of human infection by a Type D retrovirus in a homosexual patient with AIDS and lymphoma (4) though the role of this virus in the pathogenesis is unclear. However, several other reports support the absence of evidence for Type D retroviral infection in humans (17, 21) . As a simian species, langur has not been reported to harbor Type D simian retroviruses, except for one report of endogenous Type D retrovirus in the spectacled langur (Trachypithecus obscurus) from Malaysia (36) . There is a large population of different species of monkeys in India, both feral, in a number of extensive forested areas across the country, and captive (in the zoos and animal facilities of various research institutes) (24, 25, 27, 29) . Several of the species, including the common or Hanuman langurs (Seminopithecus entellus), Nilgiri langurs (Trachypithecus johnii), golden langurs (Trachypithecus geei), bonnet monkeys (M. radiata), and rhesus monkeys (M. mulatta), are typical to India. The most common species among these are the rhesus monkeys and the Hanuman langurs distributed all over the country. The langurs also live as free-roaming troops ( Fig. 1) , close to human habitations in villages and towns and near temples, railway stations, orchards, gardens, and cultivated fields. The name "langur" derives from the Sanskrit langulin "having a long tail," the epithet "Hanuman" from the Hindu mythological monkey god. Langur is regarded as sacred and worshipped in several parts of the country. It is clear that the Hanuman langurs have lived for thousands of years in close association with humans, in both rural and urban settings. Here we report for the first time the isolation and molecular characterization of a simian retrovirus naturally infecting the Hanuman langur. It is phylogenetically related to but distinct from the five known serotypes of SRV, based on nucleotide and predicted amino acid sequence analyses from the env (gp70) and 3Јorf regions of the viral genome.
Results. Seven wild-caught langurs (four males and three females) available from the Animal House Facilities of the Institute were included in the study. All the animals were experimentally naive and no experiment has ever been carried out in the Institute with simian retroviruses in the past. The animals were housed in individual cages and the cages were numbered for identification. The animals were acquired by the Institute to develop a langur colony in the early 1980s for other unrelated experimental work. The animals were adults and were acquired by local suppliers from the northern and southern parts of the country, as 2-to 3-year-old individuals in the 1980s. They were all apparently healthy with no clinical manifestations. Blood was collected in citrate, and peripheral blood lymphocytes (PBL) and serum samples were separated.
Serology. One of seven langur serum samples tested was sero-reactive with the anti-HIV-1 and HIV-2 commercial tests (Immunocomb) due to unavailability of SRV-or simin immunodeficiency virus (SIV)-specific tests locally. The lone sero-reactive langur sample had a blot corresponding to HIV-1 and HIV-2 on Western blot test with weak reactivity with the structural proteins of HIV-1 (p17, p24, and gp 160) and one HIV-2-specific (transmembrane glycoprotein, gp36) band (data not shown). The results were suggestive of the presence of cross-reactive antibodies in the langur serum. To validate the serological results, DNA from the PBL and RNA from plasma were amplified by standard nested PCR and RT-PCR.
PCR. On PCR, faint signals with the generic primers for SRVs in the sero-reactive langur were seen (data not shown). With SRV-2-specific primers from the 3Јorf and env regions, a strong signal of the anticipated molecular size (Ϸ400 bp) and two additional faint bands adjacent to it were observed with a DNA preparation from the PBL of the sero-reactive langur. The PCR conditions had to be modified to reduce stringency at the primer-annealing step to achieve the PCR positive signal (Fig. 2, lanes 2  and 3) . The strong band at 400 bp was gel-purified and subjected to a further purification step using the miniprep columns (Wizard, Promega). Negative controls included DNA from normal human PBL and from a no-DNA control (Fig. 2, lanes 4 and 5) . 
FIG. 2.
Agarose gel electrophoresis of PCR products with nested primers from the 3Јorf and env regions of the SRV genome. Nested PCR was carried out with primers from the env region of SRV-2 with a reduced primer annealing temperature in the first three cycles (37°C) of amplification, followed by 32 cycles with a higher (48°C) annealing temperature. The primer annealing temperature at the nested PCR step was 50°C. The time intervals at the primer annealing and the primer extension steps were also increased (2 min each). A 2% agarose gel was used for the electrophoresis of the PCR products. Lane 1, DNA molecular weight marker (PBR 322 HaeIII digest). Lanes 2 and 3, PCR products amplified with DNA extracted from primary PBL of langur. Lanes 4 and 5, negative control (no DNA) and negative control DNA from human PBL. Lane 6, DNA molecular weight marker (PBR 322 HaeIII digest). Lane 7, PCR product with DNA extracted from primary coculture of PBL from langur and PBL from seronegative rhesus (Macaca mulatta). Lane 8, RT-PCR product with RNA extracted from the culture supernatant.
Isolation of Virus. Isolation of the new virus was also successful by coculture with PBL from sero-negative rhesus macaques (M. mulatta) as well as a healthy human control. On day 3 of the culture, characteristic syncytium formation, typical of retroviral infection and a marker of in vitro cytopathic effect (CPE), was seen ( Fig.  3 , i, ii, and iii). The supernatant as well as a 1:10 dilution of the same from the coculture could induce syncytium formation in rhesus PBL and human PBL in subsequent passages, indicating an appreciable viral load in the supernatant. DNA from the cells and RNA preparation from the supernatant of the primary coculture gave positive PCR signals with the same SRV-2-specific primers (Fig. 2, lanes 7 and 8) . The supernatant was also positive for reverse transcriptase (RT) activity by the nonisotope RT assay (data not shown) on day 8 of the culture. Culture was followed for up to 8 days when the number of syncytia increased from three per field to eight or nine per field (Fig. 3 , iii). Cultures were terminated on day 10, and cells and supernatant were stored.
Phylogenetic Analyses. On comparing the new sequence from langur with nucleotide sequence from simian retroviruses by BLASTX suggested the best score with SRV-2 (74.56% identity), 70.8% identity with SRV-1, and 69.4% identity with MPMV (SRV-3). It showed much less identity (64%) with the baboon endogenous retrovirus (BaEV) and simian sarcoma virus (62.4%). Comparison of predicted amino acid sequences (114 amino acid residues) also corroborated the nucleotide sequence analysis (Fig. 4b) . The phylogeny was constructed using the equivalent regions from known retroviruses to avoid any bias that could be included due to overrepresentation of the viruses for which complete genome sequences were available. Using PHYLIP (10, 11) and various molecular methods and computer algorithms as described under Materials and Methods, 13 different cladograms, phenograms, and unrooted phylogenetic trees were constructed. All the analyses reached the conclusion that the newly identified simian retrovirus clustered with type D simian retroviruses and yet constituted an independent branch of the simian retrovirus phylogenetic tree. Figure 4 is a representative tree, based on 348 residues from the env and 3Ј orf regions of the viral genome obtained by the parsimony method, with branch length and 100 bootstrap replicate analyses. The new virus is provisionally called SRV-6, isolated from the Indian langur, pending ratification from the International Committee for the Taxonomy of Viruses (ICTV). Even though only serotypes 1 to 3 have been molecularly characterized, and not serotypes 4 and 5, it is likely that these two serotypes would also be distinct at the genetic level like the three serotypes SRV-1, 2, and 3, related to but distinct from one another at the genetic level. We could not characterize the langur SRV serologically due to unavailability of SRV antisera or serological tests locally, but serum samples from the Indian rhesus macaques (M. mulatta) has been shown to be sero-negative by serological tests for SRV-2 (23). This could mean that the Indian simian species harbor SRVs, which are serologically distinct from the five known serotypes of SRV.
Discussion. Infection of various simian species by simian retroviruses and simian lentiviruses has been reported since the mid-1980s (18, 33) when it was recognized that the nonhuman primate viruses have a close similarity to the corresponding human viruses. While the similarities between the SIVs and HIVs (12, 38) as well as STLVs and HTLVs (31) are well documented, a human equivalent to the SRVs has not been reported. However, there is one unconfirmed report on isolation of a retrovirus from a B-cell lymphoma line, obtained from an AIDS patient, which was found to be highly similar to MPMV (SRV-3) and SRV-1, but the role of this virus in the pathogenesis is unclear (9) . Recently, a human retrovirus 5 (HRV5) has been reported though its phylogenetic position is less than certain (15) . In India there is a large simian population, highly divergent from one another, widely distributed across the country. Sixteen subspecies of langurs alone are recognized in India, differing in their tail carriage and geographic distribution within the country (27, 29) . There has, however, been no report on the prevalence of natural infection by SIV or SRV in the Indian simian population. It is reported in the literature that the Asian simians do not naturally harbor SIV though they might acquire the infection from Indonesian or African monkeys in captivity (18, 23, 41) . The present work on the identification of a novel simian retrovirus in the Indian Hanuman langur demonstrates that this ancient Indian simian species is naturally infected by simian retroviruses. As a simian species, langurs have not previously been reported to have natural simian retrovirus infection, except for a single report on an endogenous Type D retroviral infection in the spectacled langur (T. obscurus) from Malaysia (36), a species different from the Hanuman langur (S. entellus). The isolation of MPMV (SRV-3) from various macaque monkeys (6) as well as the endogenous retrovirus from the Asian spectacled langur (36) suggests that simian retroviruses may be naturally prevalent in the Southeast Asian simian population. We have data suggesting that the wild-caught rhesus macaques (M. mulatta) from India are also naturally infected by simian retroviruses (manuscript in preparation). In the present study, all seven langurs were apparently healthy though the sero-reactive langur was consistently seroreactive by the anti-HIV-1 and -HIV-2 serological tests on consecutive rebleeds at monthly intervals up to 10 months. Due to the unavailability of SRV or SIV serological tests locally, anti-HIV-1 and -HIV-2 tests were used. In view of the distant relationship of the lentiviruses and retroviruses, the serological results indicated the presence of cross-reactive antibodies in the langur serum. It also suggested that the langur might harbor a retrovirus or lentivirus that was not pathogenic. Apathogenic infection by simian lentiviruses in the natural hosts has been reported (41) as being explained by a coevolution of the virus and the host (20) . Both the exogenous (2) and the endogenous simian retroviruses are also known to be apathogenic in the natural hosts (39) . However, phylogenetic analysis of the new virus with endogenous simian retrovirus did not show a very close sequence similarity (64% identity with baboon endogenous virus in the BLASTX analysis, compared to 72.4% identity with the exogenous SRV-2). The new virus was infectious in vitro and capable of spreading in coculture. This evidence suggests that the langur SRV is not an endogenous retrovirus. This is also supported by the positive RT-PCR signals obtained with RNA extracted from the culture supernatant during isolation of the virus by coculture of the langur PBL with PBL from human controls (Fig. 2,  lane 8) . We used cross-species in vitro coculture as it has been reported that isolation has a better success rate with heterologous cells in coculture experiments (41) . Even though we have data to suggest that the rhesus macaques are also naturally infected with their corresponding SRV (molecular characterization in progress), the langur SRV-6 is most likely a langur-specific SRV, as uncultured as well as cocultured PBL from langur with control human PBL were also positive by PCR with primers from the env and 3Јorf of SRV-2. Currently there is no confirmed report on human retroviral infection (17) . The newly identified SRV is related to the three molecularly characterized exogenous SRV serotypes (SRV-1 to 3), with respect to the 3Јorf and env genes. The 3Јorf is similar in size and location to the accessory genes found in lentiviruses and Type B and C retroviruses (7) . In addition, the 3Јorf gene overlaps a portion of the retrovirus env gene for the outer membrane, gp70. The protein produced from 3Јorf has not been assigned a specific role yet. The deduced amino acid sequence at the N-terminal site of the 3Јorf is highly hydrophobic and its hydrophobicity is well conserved. Portions of well-conserved regions of gp70 from SRV-1 and SRV-2 have been identified as T cell and B cell epitopes, neutralizing domains, and T cell proliferation domains (3, 22) . This suggests that the ENV peptides expressed by the gp70 env gene of the simian retroviruses have an important role in the life cycle of the virus. Certain regions of the ENV proteins, for instance, "PTVLG," are highly conserved in SRV-2 strains. In the newly identified virus genome, an identical motif was observed. However, another stretch, "CWLCLPLGVPSS," observed in SRV-6 ENV peptide is quite different from that observed in the equivalent region from the SRV-2, "CWLCLPSGTPVP" (Fig. 4b) . Comparison of SRV-2 sequences from Macaca nemestrina and Macaca nigra (5) suggested that sequence variation among SRV-2 strains might be due to the macaque species of origin. Even though it was possible to amplify the new viral genome using SRV-2-specific primers (with reduced stringency at the primer-annealing step), subsequent sequencing of the PCR product revealed that the new SRV shares limited, but not complete, homology with the genomic sequences of SRV-2. The natural simian host species are also widely different, namely M. nemestrina (SRV-2) and S. entellus (SRV-6). On extensive analysis by PHYLIP, the newly identified SRV from the Hanuman langur was seen to constitute an independent branch of the simian retrovirus phylogenetic tree. Various molecular phylogenetic methods, including parsimony, maximum-likelihood, and distance matrix methods, were used to construct 13 different cladograms, phenograms, and phylogenetic trees. All the analyses showed that the newly identified simian retrovirus is unique though related to the known simian retroviruses. In the representative tree obtained by the parsimony method with 100 bootstrap replicates, the robustness of the conclusion is established. It is provisionally named SRV-6 from the Hanuman langur because five different serotypes of SRV are known. Though we have not yet been able to serologically characterize the new SRV, due to unavailability of SRV antisera controls or serological tests for SRV locally, and have compared its nucleotide sequences from the env region with that of the three molecularly characterized serotypes, SRV-1, 2, and 3, it is likely that the other two serotypes, SRV-4 and 5, which are not yet characterized at the molecular level, would be distinct at the molecular level as well. It is logical to presume so, since serotypes SRV1-3 are distinct from one another at the molecular level as well. However, to obtain a better understanding of the phylogenetic position of SRV-6, it is important to obtain more sequence data from the other structural genes, namely gag and pol. It would also be important to compare the genomic sequences of SRV-6 with those of the simian retrovirus naturally infecting the rhesus macaques from India, particularly in view of the overlap of the habitats in the natural settings of these two common simian species from India. Work along these lines is currently in progress. Isolation of the virus by coculture in rhesus as well as human primary PBL, with CPE characterized by syncytium formation, positive signal in the RT assay, and successful isolation by subsequent passages provide additional evidence for the identity of the new virus. It would be important to study the prevalence of this new SRV-6 in a larger cross section of Hanuman langurs as well as other species of langurs found in India. Work is currently in progress to develop an inhouse serological test specific for SRV-6. Animal transmission studies and investigation of the pathological features of experimental infection, if any, by this new simian virus would be another important area for future study. The study describes for the first time natural infection of the Hanuman langur, a simian species not studied previously, by a novel and unique simian retrovirus, SRV-6.
Materials and Methods. Blood samples were collected from seven wild-caught langurs, housed in individual cages at the Animal House Facilities of the Institute. They were healthy and apparently asymptomatic. All of them were experimentally naive and no experimental work on SRVs or SIV has been carried out before at the Institute. As a preliminary serological screening, commercial anti-HIV-1 and -HIV-2 tests were used, since specific serological tests for SIV or SRVs were not available locally. The langur serum samples were also tested by commercial Western blot tests for anti-HIV-1, which included one band specific for HIV-2 (transmembrane glycoprotein gp 36) to evaluate whether any cross-reactive antibodies were present in the langur blood. PBL from the langur blood sample were separated on FicollHypaque. DNA was extracted from PBL (2 ϫ 10 6 ) by standard phenol-chloroform extraction followed by ethanol precipitation (30) . RNA from culture supernatant was extracted by the commercial RNA extraction solution Trizol (Promega) to be used as input for PCR or RT-PCR, to validate the serological results. Primers from published sources with sequences for SRV generic gag sequences capable of amplifying SRV-1, SRV-2, and MPMV or SRV-3 sequences (17) and specific SRV-2 sequence from 3Јorf and env regions of the viral genome (14) were used. PCR conditions were modified to achieve PCR-positive signals on agarose gel. The first-round PCR had three cycles with denaturation at 94°C for 1 min, annealing at 37°C for 1.5 min, and extension at 72°C for 1 min. This was followed by 32 cycles with denaturation at 94°C for 1 min, annealing at 48°C for 2 min, and extension at 72°C for 1 min (19) . The nested PCR had 35 cycles with denaturation at 94°C for 1 min, annealing at 50°C for 2 min, modified from 57°C used for amplification of the SRV-2 genome (14) , and extension at 72°C for 2 min. Reduced stringency at the annealing step of PCR helps to identify unknown, novel viruses, which are likely to have some, but not complete, homology with the genome of known viruses, from which the primers are designed (18) . The usual precautions to avoid DNA carryover and adequate negative controls consisting of DNA from PBL from serologically nonreactive rhesus, normal human controls, and no-DNA control were routinely used. The PCR products were analyzed by 2% agarose gel electrophoresis. Amplicons of the anticipated size (400 bp) were gel-purified and then subjected to miniprep column purification (Wizard, Promega). The purified products were again run on a 2% agarose gel to confirm a single-band purity. The purified products were concen-trated by Speedvac centrifugation and directly sequenced.
Sequencing. Purified amplicons of the anticipated size generated from DNA of langur PBL (both primary and short-term cocultured) were next subjected to direct automated sequencing using the nested primers as sequencing primers. Sanger's dideoxy method using the standard protocol was used for sequencing. The sequencing experiments were subcontracted to a commercial firm (Bangalore Genei, Bangalore, India). One strand was sequenced due to logistic constraints and the complementary sequence was deduced by the standard computer program. A total length of 348 nucleotides could be sequenced. The GenBank accession number of the new sequence is AF187057.
Phylogenetic Analyses. The new sequence from env (gp70) and 3Јorf from the Indian langur was searched against the nonredundant collection of sequence data and nucleotide sequences of viruses using the programs BLAST (1) and FASTA (26) . Based on homology search results, 12 sequences belonging to Retroviridae family and Type D retroviruses were downloaded and converted to the FASTA format. The FASTA program was run to locate the region of maximum similarity between the new virus (SRV-6) and each of the retroviral sequences. The regions equivalent to 348 bases from the ENV protein of 12 entries were extracted from the databank. Multiple alignments of the new virus (SRV-6) and the 12 extracted sequences were carried out using ClustalW (ext.aln). A tree based on the nucleic acid sequence similarity was obtained using ClustalW (34) . Multiple alignment output was used as input to WebPHYLIP (WebPHYLIP version 1.3, http://sdmc.krdl.ord.sg:8080/ ϳlxzhang/phylip). The multiple alignment data were converted to "interleaved" data format using the program CLUSTAL-CONVERTER. The program SEQBOOT was used to produce multiple data sets by bootstrap resampling. The phylogenies were estimated using the parsimony method (program DNAPARS), the maximum-likelihood method (program DNAML), the neighbour-joinining DNA distance method, and UPGAMATA (average linkage method) (program NEIGHBOR). Consensus trees were generated using the program CONSENSE for the data sets that were obtained using the bootstrapping. The program DRAWGRAM and DRAWTREE were used to generate cladograms, phylograms, and phylogenetic trees (10, 11, 40) . Of the 13 trees created, the tree with the parsimony method with 100 bootstrap replicate analyses and branch length is given as a representative tree in Fig. 4 . Predicted amino acid (114) sequence comparison with multiple alignment of SRV-6 with the sequences of the other molecularly characterized SRVs is described in Fig. 4b .
Isolation of Virus. Isolation of the virus from langur was carried out by coculture of the PBL from langur with PBL from sero-negative rhesus or healthy human controls, using standard protocols with RPMI 1640 medium, 10% fetal calf serum, streptomycin (100 g/ ml), penicillin (100 units/ml), and L-glutamine (2 mM). The PBL from sero-negative rhesus or healthy human control were stimulated by phytohemagglutinin (PHA-P, 3 g/ml) and cultured for 3 days. These were then infected with PHA-P-stimulated PBL from the langur at a 1:3 ratio (1 ϫ 10 6 PBL from langur to 3 ϫ 10 6
PBL from the sero-negative rhesus or human control). Aliquot of cells and supernatant from the coculture were used for extraction of DNA and RNA by standard phenol-chloroform extraction followed by ethanol precipitation (30) and Trizol (Promega) for RNA extraction. The DNA was used for DNA-PCR and RNA for RT-PCR using the same primers from 3Јorf and env regions. The culture supernatant was concentrated by ultracentrifugation (20,000 rpm for 30 min) and the virus pellet was lysed with lysis buffer supplied with the RT Assay kit, according to the manufacturer's instructions. The lysate was tested for reverse transcriptase (RT) using the nonradioactive digoxigenin-based colorimetric enzyme assay for RT (Boerhinger Mannheim) (data not shown).
